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摘  要 
I 





剂包括 VPO、VOPO4、V2O5、VO(acac)2 和 NH4VO3 等均表现出以苯甲醛
为甲苯选择性氧化主产物和以苯乙酮为乙苯选择性氧化主产物的反应结
果；从反应活性和主产物选择性来看，按以下顺序递减：VPO > V2O5 > 
VOPO4 ~ VO(acac)2 > NH4VO3。对于具有 (VO)2P2O7 晶相的 VPO 催化剂，
对甲苯选择性氧化主产物苯甲醛的最高选择性为 58.8％，乙苯选择性氧化




























  Abstract 
III 
Abstract 
This dissertation sets the selective oxidation of toluene and ethylbenzene 
as the objective of study, focusing on the synthesis, characterization and 
catalytic performance of vanadium-based catalysts, and is composed of two 
parts. 
In the first part, the selective oxidation of toluene and ethylbenzene using 
hydrogen peroxide over vanadium-based catalysts such as VPO, VOPO4, V2O5, 
VO(acac)2, NH4VO3 have been studied. These catalysts were found to be active 
for the oxidation of toluene and ethylbenzene to benzaldehyde and 
acetophenone as the main products in acetonitrile solvent, respectively. The 
activity and selectivity, however, in a sequence of decrease order, was found to 
be followed as: VPO > V2O5 > VOPO4 ~ VO(acac)2 > NH4VO3. The highest 
selectivities for benzaldehyde from toluene and acetophenone from 
ethylbenzene were 58.8% and 67.8% over VPO catalyst with P/V=1.1 (molar 
ratio) in acetonitrile solvent, resepectively. The catalytic performance of VPO 
with (VO)2P2O7 phase was affected by the molar ratio of P/V, hydrogen 
peroxide amount, solvent property and temperature. The active center for the 
oxidation was believed to be (VO)2P2O7 sites (V4+) in the combination with 
dynamic V5+ sites involving a reversible redox cycle. 
In the second part, the catalytic performance of a series of supported VOX 
catalysts prepared by conventional inpregnation method has been studied for 
gas-phase selective oxidation of toluene. The structure properties of the 
catalysts have been characterized by means of N2-adsorption/desorption, XRD, 















oxide species supported on SBA-15 exhibited higher catalytic activity and 
benzaldehyde selectivity. The surface VOX species which mainly existed in 
monomeric formation in the case of lower vanadium loading showed a lower 
reduction temperature and better selectivity to benzaldehyde. The 
low-oligomeric VOX domains might be formed at higher vanadium loading, 
presenting higher activity but lower selectivity to benzaldehyde. The addition of 
potassium salts changed the properties of VOX species, resulting in the 
formation of KVO3 species at the surfaces. The VOX/SBA-15 catalyst modified 
by potassium salt K2SO4 showed decreases in reducibility, acidity and catalytic 
activity but was beneficial for the benzaldehyde selectivity. 
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 图 1.1  Mars-Van Krevenlen 氧化还原机理 














甲苯的催化氧化伴随着 3 个平行的反应路线：(1) 进攻甲基并随之将
其氧化；(2) 进攻甲基并随之形成双偶合物，然后再进一步氧化；(3) 直接
氧化芳环。其中路线 (1) 是甲苯催化氧化的主要途径。 








图 1.2  甲苯催化氧化的主要反应路线 
































物等。综合起来，金属氧化物对甲苯氧化的催化活性依次是 Co3O4 > CuO > 
Mn2O3 > Fe2O3 > Cr2O3 > U3O8 > NiO > V2O5 > TiO2 > ThO2 > WO3 > ZnO > 




























表 1.1  钒基催化剂上烃类氧化反应的可能氧物种类别[8-19] 
Table 1.1  Proposed selective forms of oxygen in hydrocarbon oxidation 
over vanadium-containing catalysts 
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催化剂，发现甲苯氧化的活性（按每克钒计算）随钒负载量的增加而增大，
小于 0.5 wt％的钒时，没有苯甲醛生成，钒含量为 10 wt％时，苯甲醛的
选择性陡增至 29％。负载量的不同，引起金属氧化物在载体上分散度和分
散形态的不同，从而使得反应速率有所变化。 







B. I. Whittingtont 等[23]制备并表征了一系列的钒基催化剂（V-Si；
V-ZSM5；V-Aerosil 90；VAPO-5；V2O5/AlPO4-5；V2O5/石英）。N2/O2＝
69/31，反应温度在 573 K-823 K 之间。发现使用钒基催化剂得到的主要是
完全氧化产物，甲苯转化率小于 20％，苯甲醛的选择性均低于 9％。甲苯




[24-30]。譬如利用原位拉曼光谱观察了球磨的 V2O5 和 TiO2 混合物在焙烧
条件下钒物种的形成过程，表明在空气气氛下焙烧，钒物种在 TiO2 表面
快速分散（1-3 h），接着经历较慢的过程（30-45 h）逐步形成了单层分布
的钒物种。又如，还利用原位拉曼、HRTEM 和 XPS 等手段研究了 V/Ti 
催化剂在制备过程中 V2O5 和 TiO2 的相互作用，研究结果表明，V2O5 和 















表 1.2 含钒催化剂上甲苯气相氧化的产物分布 











573 1 .53b 94 6.1   
V-Si 
667 1 .53b 95 4.5 0.1  
623 1.8b 96 3.3  0.5 
V-Aerosil 90 
673 1.79b 94 6.0  0.1 
623 2.16b 93 3.6 2.5 0.7 
V-ZSM5 
672 2.32b 99  1.0  
621 1.73b 99 0.3   
674 2.12b 99 0.4 1.0  0VAPO-5 
670 8.34c 99 0.4 0.7  














































催化剂在瞬态条件下反应初始时对苯甲醛的选择性接近  1 0 0％。 
S. Larrondo 等[31,32] 用五价钒氧化物、三价锑氧化物、四价钛氧化物
制备了 VSb1-xTixO4 复氧化物 ( x=0, 0.1, 0.2和0.4 )，并以甲苯气相氧化成
苯甲醛的反应来研究催化剂结构和催化性能的关联。样品中有 10% (x=0.1) 
和 20％ (x=0.2) 钛时具有 高的催化活性，当钛含量达到 40% (x=0.4) 时
催化活性迅速下降。XRD 结果表明样品中钒氧化物成为单独的一相，可能
是导致催化剂的活性较差的原因之一。TPR 结果表明，催化剂中的钛取代
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